In a posterior silk gland extract, covalently closed circular (ccc) DNA is in a superhelical state that supports more transcription of fibroin gene than does linear DNA. A HeLa cell extract showed neither the supercoiling activity nor the preference for the transcription of ccc DNA over linear DNA. These activities could be added to the HeLa cell extract. Phosphocellulose fractionation of the posterior silk gland extract yielded a flow-through fraction and a 0.6 M KCl eluate fraction that were required for the supercoiling and for the efficient transcription of the ccc template in the acceptor HeLa cell extract. The 0.6 M KCI fraction had a DNA topoisomerase II activity, and the flow-through fraction contained a supercoiling factor that, with the aid of topoisomerase H, introduced negative supercoils into ccc DNA. When both fractions were added to the posterior silk gland extract, more supercoiling occurred than with the extract alone. Several genes were optimally transcribed under various extents of supercoiling. The fibroin gene and adenovirus 2 major late promoter were fully transcribed as partially supercoiled templates. The sericin gene required more supercoiling for full transcription, whereas no preference for supercoiling was seen with the transcription of hsp7O. These results suggest that DNA topology plays a role in the regulation of gene expression. In Vitro Transcription. Preparation of the silk gland cell extract (26) and the HeLa cell extract (27) have been described. A cell extract was also prepared from the Antheraea silkworm cell line Bm36 (28). In vitro transcription (12.5-,u1 reaction mixture) was performed as described (23) except that the ATP concentration was 600 ,uM. Supercoiled circular plasmid DNA was used as a template either directly or after it had been linearized with Xho I (pFb205), BamHI Abbreviations: ccc, covalently closed circular; PSG, posterior silk gland; Ad2 MLP, adenovirus type 2 major late promoter. tPresent address:
Several lines of circumstantial evidence suggest the importance of DNA topology in eukaryotic gene expression (for reviews see refs. 1 and 2). Portions of chromatin in transcriptionally active states are hypersensitive to DNase I (3) . Most DNase-I-hypersensitive regions contain Si-nuclease-sensitive sites (4) that are also found in supercoiled plasmids carrying the corresponding regions of DNA. These results are consistent with the hypothesis that chromatin DNA in the hypersensitive region is superhelical. DNase-hypersensitive regions contain binding sites for DNA topoisomerase II (5, 6) . Topoisomerase II is found in the nuclear matrix or scaffold (7) to which chromatin loops are anchored (8, 9) . These observations suggest that topoisomerase II might have an important role in the regulation of the topology of chromatin loops. Finally, when introduced into living cells, supercoiled DNA is more highly expressed than linear DNA (10) (11) (12) (13) . However, there is some evidence that topological tension is not important in eukaryotic gene expression. For example, the experimental results (14) suggesting that a transcriptionally active subportion of simian virus 40 minichromosomes has a torsional strain could not be reproduced by another group (15) . Novobiocin alters gene expression (13, 16, 17) , but the interpretation of these results is complicated by the nonspecific nature of the drug action (18) . Worcel and colleagues (19) (20) (21) suggested that plasmid DNA carrying the Xenopus 5S RNA gene is assembled into a supercoiled, transcriptionally active chromatin in oocyte extracts. But their experiments could not be reproduced by another group (22) .
To examine the possibility that a torsional stress on DNA has a direct effect on transcription, we have analyzed the in vitro transcription of the Bombyx mori fibroin gene in linear and covalently closed circular (ccc) forms. In a posterior silk gland (PSG) extract, ccc DNA takes on compact topological features and supports 3-10 times more transcription when compared to linear DNA (23) . A correlation between this preferential transcription of ccc template and the extent of supercoiling could be observed in these PSG extracts (ref. 23 
MATERIALS AND METHODS
Plasmids and Phages. The following plasmids were used: for the B. mori fibroin gene, pFb205 (23) ; for the B. mori sericin gene, pSr100 (24) ; and for the human adenovirus type 2 major late promoter (Ad2 MLP), pAd500 (24) , and for the Drosophila hsp7O, p56H8RIA (25) . Single-stranded phage clones of the fibroin gene (flFb38) and the sericin gene (M13Srl) have been described (23 In Vitro Transcription. Preparation of the silk gland cell extract (26) and the HeLa cell extract (27) have been described. A cell extract was also prepared from the Antheraea silkworm cell line Bm36 (28) . In vitro transcription (12.5-,u1 reaction mixture) was performed as described (23) Topology of Template DNA. 32P-labeled relaxed ccc DNA was prepared as described (23) . The labeling was done at the EcoRI (pFb2O5 and pSrlOO), Sal I (pAd500), or HindIII site (p56H8RIA). The labeled DNA (0.5 ,ug/ml) was incubated in a 12.5-,ul reaction mixture under the conditions for transcription described above. Whenever the reaction mixture contained PSG or HeLa cell extract, poly(dI-dC)-poly(dI-dC) (8 ,ug/ml) was added to increase bulk DNA concentration.
Protein concentrations of the PSG and HeLa cell extract in the reaction mixture were 7.5 mg/ml and 5 mg/ml, respectively. After incubation at 30'C for 60 min, 0.5% NaDodSO4 and proteinase K at 250 ,ug/ml were added and further incubated at 370C for 30 min. DNA was recovered by phenol treatment, ethanol precipitation, and electrophoresis through a 1% agarose gel. Two-dimensional electrophoresis was performed as described (29) except that ethidium bromide at 5 ng/ml was used instead of chloroquine. The gel was soaked in ethanol for 30 min, dried, and subjected to autoradiography. DNA topoisomers containing various linking numbers were prepared as described (29) and used as a marker in the two-dimensional electrophoresis.
Assay for DNA Topoisomerases. DNA topoisomerase I was assayed as described by Liu (30) . Supercoiled circular pFb2O5 DNA was used as a substrate. To suppress DNA topoisomerase II, MgCl2 was omitted from the reaction mixture, and EDTA was added to 2 mM. DNA topoisomerase II activity was measured by the "unknotting" of "knotted" P4 DNA (31) . If the HeLa cell extract was mixed with the PSG extract, the preference for ccc DNA was still observed (data not shown). Thus the HeLa cell extract did not contain inhibitors. By using this observation, we designed a complementation assay for the purification of the stimulatory factors in PSG extract.
Four fractions were isolated from the PSG extract by phosphocellulose chromatography. When all four fractions (fractions A-D) were added to the HeLa cell extract, a preference for the transcription of ccc DNA over linear DNA was clearly seen (3-fold; Fig. 1, lanes 3 and 4) . The omission of fraction B did not alter the result (3-fold; lanes 5 and 6). Omission of fractions B and D also did not change the preference for ccc DNA; in fact the stimulation was greater (5-fold; lanes 7 and 8). When either fraction A or fraction C was added to the HeLa cell extract, the preference for ccc DNA was diminished (1.5-fold for fraction A and 1.1-fold for fraction C, lanes 9-12). These results suggest that both fractions A and C are required for the preferential transcription of the ccc template in addition to the basic transcription machinery supplied from the HeLa cell extract.
DNA Topoisomerase Activities of Phosphoceilulose Fractions. Since DNA topology is responsible for the efficient transcription of ccc DNA in the PSG extract (23) , it is most likely that the phosphocellulose fractions A and C stimulate transcription by changing the DNA morphology in the complementation assay. Thus we analyzed DNA topoisomerase activities of the phosphocellulose fractions. Fig. 2a shows the results of an assay of topoisomerase I as measured by the relaxation of supercoiled DNA. Only fraction D contains topoisomerase I activity (lanes 8 and 9). Fig. 2b shows a specific assay of topoisomerase II that relies on the unknotting of knotted P4 DNA. The topoisomerase II activity was found in fraction C (lane 4). When relaxed ccc pFb2O5 DNA was incubated with the phosphocellulose fractions, topoisomers with higher mobilities appeared only in fraction C (Fig. 2c, lane 4) . These compact forms of molecules can be due to two types of DNA topology; one is knotted and the other is supercoiled. To discriminate between these possibilities, the sample was analyzed by twodimensional electrophoresis (Fig. 3) . The starting material was a mixture of relaxed ccc pFb2O5 DNA and its nickedcircular form, which was produced by radioactive decay of 32P during storage (Fig. 3a Lower). After incubation with fraction C, the radioactive spots (Fig. 3b Lower) did not correspond to the supercoiled marker DNA (Fig. 3b Upper) . Instead, a mixture of knotted ccc DNA and knotted nickedcircular DNA of various degrees of knotting was formed. The knotted ccc forms were deduced by their conversion into knotted nicked circular form upon treatment with a small amount of DNase I (data not shown). These data suggest that the compact form of DNA found after incubation with fraction C is a knotted molecule produced by the action of topoisomerase II. The addition of fraction B or D to fraction C did not alter the result (data not shown). However, if relaxed ccc pFb2O5 DNA was incubated with both (lanes 1, 3, 5, 7, 9, and 11 ) or in the linear form (lanes 2, 4, 6, 8, 10, and 12) . The size of the protection bands produced from ccc templates was slightly larger than that from linear ones, because trimming of the unhybridized region of RNA by nuclease S1 would not reach completion. (Fig. 4a) . However, if both fractions A and C were added to the HeLa cell extract, supercoiling as well as knotting occurred (Fig. 4b) . In this case, simple supercoiling was evident, but knotted and supercoiled molecules were scarcely seen. When fraction A alone or fractions A, C, and D were added to the extract, the supercoiling was less prominent (data not shown). Though the HeLa cell extract contained a topoisomerase II activity, the addition of fraction C was required for the extensive supercoiling and efficient transcription of ccc DNA in the presence of fraction A. As described above, further addition of fraction D was inhibitory to the supercoiling and to the preferential transcription of ccc DNA. This is probably due to the topoisomerase I activity in fraction D that can relax supercoils. These results suggest that the supercoiling is responsible for the efficient transcription of ccc DNA in the HeLa cell extract supplemented with the fractions A and C (Fig. 1) .
DNA Supercoiling in PSG Extract Supplemented with Phosphocellulose Fractions. It has been suggested that the topology of ccc DNA in the PSG extract is determined by an equilibrium between the relaxed and supercoiled DNA (23) . Thus the addition of fractions A and C, which contain the supercoiling activity, to the PSG extract, should shift the equilibrium toward supercoiled DNA. When relaxed ccc pFb2O5 DNA was incubated with PSG extract alone, supercoiled pFb2O5 DNA was detected extending from knotted ccc DNA containing various degrees of knotting (Fig. 5a ). Other PSG extracts with higher preferential activity for ccc templates had more prominent supercoiling (data not shown). When 5 ,g of fraction A and 1 ,ug of fraction C were added to the reaction mixture containing the PSG extract, more supercoiling occurred than in the extract alone (Fig.   5b ). If 10 ,ug of fraction A and 2 ,ug of fraction C were added, further supercoiling occurred (Fig. 5c) . Note that most of the spots of knotted and supercoiled DNA exist below the array of knotted nicked circular DNA in the diagonal (Fig. Sc) tion. In this PSG extract, fibroin gene transcription on ccc template was 4-fold higher than that on a linear template. When 5 ,g of fraction A and 1 ,ug of fraction C were added to the PSG extract, more supercoiling (Fig. 5b ) and more transcription (Fig. 6a, lane 4) occurred than in the extract alone (Figs. Sa and 6a, lane 3) . However, further supercoiling by the addition of 10 ,ug of fraction A and 2 ,ug of fraction C (Fig. Sc) did not further increase the transcription (Fig. 6a,  lane 5 versus lane 4) . In the case of linear DNA, the addition of the fractions A and C did not give a significant change in the transcription activity (Fig. 6a, lane 2 versus lane 1) . The overall stimulation of transcription by supercoiling was =20-fold (compare lane 4 with lane 2 of Fig. 6a) . In a PSG extract, Ad2 MLP transcription is also more efficient on a ccc template (4-fold; Fig. 6b, lane 3 versus lane 1) . When 5 ,ug of fraction A and 1 ,ug of fraction C were added to the transcription reaction, there was a 4-fold stimulation of transcription (compare Fig. 6b lane 4 with lane 3) . No further increase of Ad2 MLP transcription was observed when 10 ,ug of fraction A and 2 ,ug of fraction C were used. Note that the transcription of Ad2 MLP on a linear template did not change significantly when 10 ,ug of fraction A and 2 ug of fraction C were supplemented to the PSG extract (lane 2 versus lane 1). Therefore, the transcription of Ad2 MLP is affected by the degree of DNA supercoiling in a manner similar to that of fibroin gene. In the case of sericin gene, both transcriptions on linear and ccc DNA were low and at almost the same level if incubated in the PSG extract alone (Fig. 6c, lane 1 
